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We define the notion of mutual quantum measurements of two macroscopic objects and investigate
the effect of these measurements on the velocities of the objects. We show that multiple mutual
quantum measurements can lead to an effective force emerging as a consequence of asymmetric
diffusion in the velocity space. We further show that, under a certain set of assumptions involving the
measurements of mutual Doppler shifts, the above force can reproduce Newton’s law of gravitation.
Such a mechanism would explain the equivalence between the gravitational and the inertial masses.
In a broader class of measurements, the emergent force can also lead to corrections to Newton’s
gravitation.
I. INTRODUCTION
We investigate the effects of mutual quantum measure-
ments of two macroscopic objects. The quantum mea-
surements are assumed to proceed through an entangle-
ment and decoherence process mediated by the exchange
of particles moving with the speed of light. The measure-
ments register the Doppler shifts of the exchanged parti-
cles. We show that such a process can lead to an attrac-
tion originated from the velocity diffusion caused by the
measurements. Such an attraction might be the mecha-
nism behind Newton’s gravitation, or it might cause cor-
rections to Newton’s gravitation.
Some of the ideas presented in this article about the
interplay of quantum mechanics and gravitation resonate
with those described in Refs. [1–15]. However, in these
references, the authors adopt the perspective of either
high-energy physics, or black-hole physics, or consider
gravity as given and look for the consequences of it in
terms of quantum properties. Here, in contrast, we
present a consistently low-energy non-relativistic per-
spective, which puts emphasis on routine quantum mea-
surements as a possible mechanism of gravitation. The
speed of light only appears in the first-order Doppler fre-
quency shift, which has the same form in both relativis-
tic and non-relativistic theories. Our plan is to apply
non-relativistic quantum mechanics as far as possible to-
wards the Planck spatial scale subject only to quantum
measurements.
II. PRELIMINARY DISCUSSION
If a macroscopic object is completely isolated from the
environment, its internal degrees of freedom are decou-
pled from its center of mass (CM) and hence cannot
induce quantum decoherence of the CM wave function.
The CM wave function loses coherence as a result of the
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interaction with the environment [16–19], e.g., through
emission or absorption of a photon [20].
The decoherence of the CM wave function can be in-
duced by entangling external particles with CM positions
or CM momenta, or both. As a result, the CM density
matrix can be thought of as a mixture of coherent wave
packets, each having a certain stationary coherence width
in both real space and momentum space [5, 16]. Both
widths are likely rather small, but once they are reached,
the decoherence process is supposed to be compensated
by a dynamic expansion of the wave packets.
Thermal de Broglie wave length can serve as an initial
estimate of the above coherence width in real space. Such
an estimate indicates that, for any reasonable tempera-
ture, the CM wave functions of macroscopic objects are
localized on subnuclear scales. This makes the entangle-
ment of surrounding microscopic particles with the CM
position rather inefficient. Likewise, the stationary co-
herence width in the momentum space might be large in
absolute terms, but, once divided by mass, gives velocity
distributions which are very narrow and hence are dif-
ficult to discriminate through emission or scattering of
microscopic particles.
In this article, we focus on the processes that, despite
the above inefficiency, limit the coherence width of the
CM wave packets in the momentum space. We explore
a scenario, in which the leading process controlling the
coherent momentum width of a macroscopic object is the
small Doppler shift of the emitted photons. This shift
leads to orthogonal photon states that become entangled
with another macroscopic object some distance away, and
hence the velocity of the former object becomes, in effect,
measured.
Below, for the sake of conceptual simplicity, we de-
scribe some of the processes in the language of wave func-
tions, but it is possible to reformulate our description
in the language of density matrices. We also often use
a crude coarse-graining of the wave packets considered.
The resulting description, however, should be amenable
to mathematical derivations in continuous space and
time.
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2III. MUTUAL QUANTUM MEASUREMENTS
A. System
We consider two macroscopic objects of massesM1 and
M2 that can emit and absorb photons and also inter-
act with an environment of microscopic particles around
them. The surrounding particles have negligible masses
and energies but can cause quantum decoherence. We do
not include the gravitational interaction between parti-
cles at the level of the formulation of the problem, but
rather investigate whether it can emerge as a result of
mutual measurements.
B. Single measurement
In this part, we describe a single event of the second
object measuring the momentum of the first object. The
first object is to be represented by the wave function
|f〉 ⊗ |F 〉, and the second one by |s〉 ⊗ |S〉, where |f〉
and |s〉 represent the respective CM wave packets in the
momentum space, while |F 〉 and |S〉 are many-body wave
functions representing the internal degrees of freedom of
the respective objects.
Let us consider a process illustrated in Fig. 1, by means
of which the CM momentum of the first object becomes
entangled with the microscopic degrees of freedom of the
second one. We represent the initial momentum wave
packet of the first object as a superposition of its two
parts |f1〉 and |f2〉 shown in Fig. 1(a), so that the initial
state of the total system is
|Ψ1〉 = 1√2
(
|f1〉+ |f2〉
)
⊗ |F 〉 ⊗ |s〉 ⊗ |S〉. (1)
The first object then emits a photon towards the sec-
ond object. The photon is assumed to be entangled with
the CM momentum of the first object via a Doppler-shift
mechanism to be discussed later. As a result of this emis-
sion, the internal state of the first object changes to |F ′〉,
while the wave function of the total system becomes
|Ψ2〉 = 1√2
(
|f1〉⊗|P1〉+|f2〉⊗|P2〉
)
⊗|F ′〉⊗|s〉⊗|S〉, (2)
where |P1〉 and |P2〉 are orthogonal photon states, see
Fig. 1(a). As further illustrated in Fig. 1(b), the photon is
later absorbed by the second object changing its internal
state, respectively, to either |S1〉 or |S2〉, which gives
|Ψ3〉 = 1√2
(
|f1〉 ⊗ |S1〉+ |f2〉 ⊗ |S2〉
)
⊗ |F ′〉 ⊗ |s〉. (3)
Since |f1〉 and |f2〉 are orthogonal to each other, |S1〉 and
|S2〉 are also mutually orthogonal. As a result, the CM
momentum of the first object becomes entangled with
the internal state of the second object, which plays the
role of a macroscopic observer.
Figure 1. Illustration of the entanglement process between the
center of mass of the first object (states |f1〉 and |f2〉) and the
internal degrees of freedom of the second object (states |S〉,
|S1〉 and |S2〉): (a) Beginning of the process, as represented
by Eq. (2); (b) Final entangled state given by Eq. (3).
We assume that the wave functions |S1〉 and |S2〉
quickly evolve to become macroscopically distinct
(Schrödinger-cat-like [21]), so that the superposition ap-
pearing in Eq. (3) loses coherence on the time scale, which
we consider infinitely short (see Appendix A for further
discussion). As a result, the density matrix describing
combined properties of the CM of the first object and
the internal degrees of freedom of the second object in
the basis of quantum states {|f1S〉, |f2S〉, |f1S1〉, |f2S2〉}
evolves from the initial one corresponding to the wave
function (1) and representing an uncorrelated pure quan-
tum state
ρinit =
〈f1S| 〈f2S| 〈f1S1| 〈f2S2|
|f1S〉 1/2 1/2 0 0
|f2S〉 1/2 1/2 0 0
|f1S1〉 0 0 0 0
|f2S2〉 0 0 0 0
(4)
to the final one representing a classically correlated mixed
state
ρfinal =
〈f1S| 〈f2S| 〈f1S1| 〈f2S2|
|f1S〉 0 0 0 0
|f2S〉 0 0 0 0
|f1S1〉 0 0 1/2 0
|f2S2〉 0 0 0 1/2
. (5)
Once the density matrix (5) becomes diagonal in the
chosen basis, its diagonal elements can be considered as
3classical probabilities and the subsequent evolution can
be obtained by the appropriate random sampling of ei-
ther state |f1S1〉 or state |f2S2〉. One can view this sam-
pling either as a mathematical tool or as a reflection of
the actual collapse of the quantum state to a particular
realization of reality. The distinction between the two in-
terpretations is a delicate issue discussed in Appendix A.
Below we adopt the language of collapse as more in-
tuitive for the subsequent discussion [22]. We say that,
once the density matrix (5) becomes diagonal, the ob-
server |S〉 has measured the CM state |f〉 and, as a re-
sult, one of the two states |f1S1〉 or |f2S2〉 emerges. The
description of the system is then continued by randomly
choosing either the state |f1S1〉 or |f2S2〉. A similar ran-
dom sampling routine can also arise from a series of weak
quantum measurements [23].
Eventually, the momentum of the first object becomes
measured by that object’s internal degrees of freedom.
Such a measurement can be realized once the second ob-
ject emits towards the first one a photon that would dis-
criminate states |S1〉 from |S2〉 and, hence, |f1〉 from |f2〉.
C. Multiple measurements vs. wave packet
expansion
If the position or momentum of an object is measured
repetitively, then, in the absence of a wave-packet expan-
sion, multiple measurements would gradually reduce the
width of the wave packet to zero. This width collapse
is, however, supposed to be eventually counteracted by a
wave packet expansion. In particular, the position wave
packets of free particles in real space just expand ballis-
tically on their own (see Appendix B). On the contrary,
the momentum wave packets of free particles do not ex-
pand with time, which is the consequence of momentum
conservation. They, however, can expand due to interac-
tion with the external world that can be broadly divided
into two categories (i) position- or momentum-dependent
force acting on the wave packet and (ii) environment-
induced measurements of the CM position, which in-
crease the momentum width because of the Heisenberg
uncertainty relation.
In the following, we assume that we are dealing with
the stationary situation, where the expansion of mo-
mentum wave packets of both massive objects occur-
ring between the emissions of photons is compensated
by narrowing caused by momentum measurements, cf.
Ref. [24].
IV. MULTIPLE VELOCITY MEASUREMENTS
AND EMERGENT ATTRACTION
We now switch the focus from momenta to velocities
and concentrate on the effects of multiple velocity mea-
surements. We denote the CM velocities of the first and
the second objects as Vf ≡ pf/M1 and Vs ≡ ps/M2 in
terms of their respective momenta pf and ps. We also
denote the average velocities of the two CM wave pack-
ets as VF ≡ 〈Vf 〉 and VS ≡ 〈Vs〉. The internal degrees
of freedom of the two objects “perceive” the average ve-
locities VF and VS as the velocities of their respective
reference frames.
A. Second object measuring the first object
In this subsection, we call the first object a “source”
and the second object an “observer”.
In order to describe the evolution of the velocity dis-
tribution of the source as measured by the observer, we
adopt the following model: The source emits towards the
observer photon wave packets carrying information about
the velocity of the source with root-mean-squared (rms)
resolution ∆v1. The observer receives one unit of this
information per time τ . Our assumption of the station-
ary coherence width of the wave packet implies that, if
no velocity measurement is made during time interval τ ,
the mean-squared uncertainty of observer’s information
about the source velocity would increase to 2∆v21 due to a
wave packet expansion mechanism to be discussed later.
Let us denote the velocity of the CM of the source
relative to the observer as v ≡ Vf − VS . The observer
is supposed to register a random walk of the measured
value of v, which then should lead to the velocity diffu-
sion described by the following equation for the velocity
probability distribution P (t, v):
∂P
∂t
= ∂
∂v
(
Dv
∂P
∂v
)
, (6)
where Dv = 12∆v21/τ is the velocity diffusion coefficient.
We now observe an important fact, namely, that, if the
source moves with velocity v towards the observer and
emits photons with constant rate 1/τ1 in its rest frame,
then the observer receives the photons with a different
rate, namely, the one modified by the Doppler effect. In
the first order in the ratio v/c, the rate at which the ob-
server becomes entangled with the velocity of the source
is 1
τ
= 1
τ1
(
1− v
c
)
. Here and below, the positive direc-
tion of velocities is from the second to the first object.
As a result of the Doppler shift, the velocity diffusion
coefficient Dv acquires the velocity dependence
Dv(v) =
1
2
∆v21
τ1
(
1− v
c
)
, (7)
which leads to the drift of the average velocity to the re-
gion, where Dv is larger. Such a drift, in turn, implies
that the observer registers a non-zero average accelera-
tion of the source
a1 ≡ d〈v〉
dt
. (8)
The value of the velocity drift d〈v〉dt can be obtained by
the following standard manipulation. Let us assume that
4the probability distribution P (v) at a given time t has the
character of a narrow packet along the velocity axis with
average value 〈v〉 and characteristic width w. Let us fur-
ther assume that the diffusion coefficient Dv varies very
slowly across this packet, i.e. w dDvdv
∣∣
v=〈v〉  1. The drift
of the average velocity can be obtained by integrating the
probability flux −Dv dPdv along the velocity axis
d〈v〉
dt
=−
∫ +∞
−∞
Dv
dP (v)
dv
dv=
∫ +∞
−∞
dDv
dv
P (v)dv≈ dDv
dv
∣∣∣∣
v=〈v〉
.
Substituting Eq. (7) into the above approximation and
then using the definition (8), we obtain
a1 = − 12c
∆v21
τ1
. (9)
The negative sign in the right-hand side of Eq. (9) implies
that the acceleration is in the direction from the first to
the second object, which corresponds to attraction.
B. First object measuring the second object and
the combined effect
The preceding derivation can be repeated for the ap-
parent acceleration a2 of the center of mass of the second
object “observed” by the internal degrees of freedom of
the first one. Denoting the rms velocity fluctuations of
the CM of the second object as ∆v2 and the characteristic
photon emission time as τ2, we obtain
a2 =
1
2c
∆v22
τ2
. (10)
The positive sign a2 implies the acceleration from the
second to the first object.
The considerations leading to Eqs. (9) and (10) can
now be summarized as follows: The internal degrees of
freedom of the second object “register” the diffusion of
the average CM velocity VF of the first object, while the
internal degrees of freedom of the first object register the
diffusion of the average CM velocity VS of the second ob-
ject. Thus, the combined internal degrees of freedom of
the two objects register that both “ends” of the expres-
sion for the relative average velocity, VF−VS , undergo in-
dependent diffusion with a systematic drift towards each
other. As a result, the total relative acceleration of the
two objects as recorded by their internal degrees of free-
dom is
a1 − a2 = − 12c
(
∆v21
τ1
+ ∆v
2
2
τ2
)
. (11)
V. ASSUMPTIONS LEADING TO NEWTON’S
GRAVITATION
Here we propose a set of ideas about possible mech-
anisms controlling the right-hand-side of Eq. (11) and
make estimates based on these mechanisms.
A. Typical amplitude of velocity fluctuations ∆v1
The second object measures the velocities within the
coherent velocity wave packet of the first object by be-
coming entangled with that wave packet. We assume
that the main mechanism of this entanglement is the de-
tection of Doppler shifts of the photons emitted from
different parts of the first object’s velocity wave packet
[for example, states |f1〉 and |f2〉 in Eq. (1)]. Below, we
estimate the velocity resolution ∆v1 due to such a mech-
anism.
Our estimate is to be done for the setting where the
first object sends towards the second one a train of non-
monochromatic wave packets with characteristic correla-
tion time τ1 (see Fig. 2). This characteristic time is then
converted into the characteristic length cτ1 of the wave
packets. The above train of photon wave packets can
propagate either on its own or as a modulation of radia-
tion with frequency much higher than 1/τ1, e.g., thermal
radiation.
Let us now consider a quantum superposition of two
configurations: (i) the first object is at rest with respect
to the second one, and (ii) the first object moves towards
the second one with very small velocity ∆v1. The initial
position of the CM of the first object and the state of
its internal degrees of freedom are the same in the both
settings. Once emitted, the wave packets arrive to the
second object after time t0 = r/c, where r is the distance
between the two objects. We assume r  cτ1.
Let us further suppose that a photon wave packet of
size cτ1 is emitted in each of the superposed configura-
tions at time t = 0 in the second object’s rest frame. This
wave packet arrives to the second object at the same time
t = t0 for the both configurations, which means that the
second object cannot yet discriminate between the two
configurations and hence resolve ∆v1. However, this first
detection initializes the subsequent measurement, which
then occurs as follows: By the time t = t0, the first ob-
ject emits on average t0/τ1 wavepackets, when it is at
rest. When it moves with velocity ∆v1, then, due to the
Doppler shift, it emits photons slightly faster, namely,
Figure 2. Train of photonic wave packets emitted by the first
object and moving from the first object to the second object.
This sketch illustrates the derivation of condition (13). The
blue dashed line represents the configuration where the first
object is at rest, and the red solid line the configuration where
the first object moves with very small velocity ∆v1 towards
the second object.
5with rate
1
τ ′
= 1
τ1
(
1 + ∆v1
c
)
, (12)
which means t0/τ1(1 + ∆v1/c) emitted wave packets by
the time t = t0. The second object should be able to
discriminate between the two photonic trains when their
maxima become shifted with respect to each other by
the characteristic wave packet length cτ1, as sketched in
Fig. 2. Further assuming that each photon wave packet of
size cτ1 is detected with probability 1, the second object
should be able to resolve the velocity difference ∆v1 by
time t = 2t0, if
∆v1 &
τ1c
t0
. (13)
If the above inequality is not satisfied, and the veloc-
ity of the first object does not fluctuate in time, then
the second object can just wait longer and, eventually,
resolve ∆v1. However, according to the assumptions of
subsection IVA, the velocity of the first object does fluc-
tuate due to external factors, which, in turn, leads to the
broadening of the velocity wave packet (see also subsec-
tion VB below). One can think of these fluctuations as
yet another kind of random walk in the velocity space.
We expect that out of, possibly, a much broader spectrum
of the electromagnetic radiation emitted by the first ob-
ject, the channel that most efficiently communicates the
value of the fluctuating velocity is the one carried by the
stochastic component with the photon correlation time
that matches the time scale of the velocity fluctuations.
We, therefore, assume that the velocity of the first object
fluctuates with the photon correlation time τ1. This time
scale is to characterize both the fluctuations of the center
of the velocity wave packet and the broadening of that
wave packet.
Let us now follow the line of reasoning that led to
condition (13) but do it in the presence of velocity fluc-
tuations of the first object and for a continuous initial
velocity wave packet of width ∆v1. In this case, the ini-
tialization stage is the same as before. Moreover, the
condition (13) still allows the second object to resolve
the difference ∆v1 between two identical random walks
of the first object’s velocity v1 — one starting from the
initial velocity v1 = 0 and the other one from v1 = ∆v1.
However, if ∆v1 is smaller than the right-hand-side of
inequality (13) and, hence, not resolved by time t0 after
the initialization moment, then the resolution ∆v1 will
never be achieved, because waiting longer will not help.
The reason is that the growing velocity uncertainty will
exceed the information gained by the measurement. The
balance between the velocity uncertainty generated by
fluctuations and the information aquired by the second
object gives the condition
∆v1 ' τ1c
t0
= τ1c
2
r
. (14)
It means that the greater the distance between the two
objects, the better the velocity resolution.
Finally, we note that, if, in the above picture, each of
the wave packets communicating the Doppler shift con-
tains N coherent photons instead of one, then measuring
one photon amounts to measuring all, which, in turn,
implies that detecting more than one photon from the
same random Doppler-shifted mode does not add more
precision in determining v1.
B. Characteristic time of velocity fluctuations τ1
Let us assume that the free motion of the CM of the
first object is modified on a certain small length scale
l0. The reasons can be both routine, such as fluctua-
tions of the net force exerted on the object by the envi-
ronment, or fundamental, such as a departure from the
Schrödinger dynamics on the Planck and sub-Planck spa-
tial scales [3, 4, 8].
Let us now consider a Gaussian wave packet ψ(x1) ∼=
exp[−x21/(2l20)] for the CM position x1 of the first object.
If there were no correction to the Schrödinger dynamics,
this wave packet would be expanding, and, as a result,
the variance of x1 would double after time τ1G = M1l20/~
(i.e. the width would grow from the initial value l0 to
the final value
√
2l0, see Appendix B). But the momen-
tum distribution associated with this wave packet (the
envelope of the Fourier transform) will continue having
the same width. However, if there is a large correction to
the Schrödinger dynamics on the length scale l0, then the
momentum distribution characterizing the wave packet is
expected to change significantly over time τ1G. This im-
plies that the characteristic time of velocity fluctuations
τ1 is of the order of τ1G, i.e.,
τ1 ∼ M1l
2
0
~
. (15)
The assumptions adopted in the preceeding subsection
imply the chaotic character of the dynamics underlying
the velocity fluctuations. Indeed, if the second object
separated from the first object by distance r1 measures
at t = 0 the velocity of the first object with uncertainty
∆v1 given by Eq. (14) and, later, does not receive more
information, then, according to our picture, by the time
t = τ1, the velocity uncertainty for that second object
will increase to
√
2∆v1 (i.e. the velocity variance will
double). However, if the second object is located at dis-
tance r′1 = 2r1, then, according to Eq. (14), it measures
the velocity at t = 0 with accuracy ∆v′1 = ∆v1/2, and the
uncertainty accumulated by time t = τ1 in the absence
of further measurement will be
√
2∆v′1. In other words,
the velocity uncertainty due to the dynamics of the first
object increases by the same factor over the same time
interval irrespective of uncertainty’s initial value. Such a
property is exhibited by classical chaotic dynamics char-
acterized by the Lyapunov exponent λ1 ∼ 1/τ1.
6C. Planck length as the characteristic length l0
We now assume that the characteristic length l0 for vi-
olating the free-particle Schrödinger dynamics and, thus,
causing the velocity fluctuations is independent of parti-
cle’s mass, and the value of l0 is of the order of the Planck
length
l0 ∼=
√
G ~
c3
, (16)
see Appendix C for more discussion.
Making chain substitutions of Eqs. (14), (15) and (16)
into Eq. (9), we obtain
a1 ∼= −G M1
r2
, (17)
where we omit the numerical prefactor, which is uncon-
trollable in the present treatment. The same chain of
estimates for the second object gives a2 ∼= GM2r2 . Thus,
according to Eq. (11), the relative acceleration reads
a1 − a2 ∼= −G M1 +M2
r2
. (18)
The above expression is consistent with Newton’s law
of gravitation, subject to the following clarification: a1
and a2 are not the accelerations of the respective objects
in the inertial laboratory reference frame, rather they
are measured relative accelerations as defined in subsec-
tion IVA.
We now denote the resulting accelerations of the first
and the second objects in an inertial laboratory reference
frame as a′1 and a′2 and postulate that a′1− a′2 = a1− a2.
We further require the total momentum conservation in
the formM1a′1 = −M2a′2. These two postulates together
with Eq. (18) lead to an expression consistent with the
standard form of Newton’s law of gravitation:
M1a
′
1 = −M2a′2 ∼= −G
M1M2
r2
. (19)
Let us now observe that, in the preceding derivation,
massesM1 andM2 were defined as inertial masses. Their
appearance in Eq. (19) as gravitational masses originates
from the assumption that the time scale of the relevant
velocity fluctuations can be estimated by Eq. (15) as
the characteristic time of the inertial broadening of a
spatial wave packet of a free massive quantum particle.
Thus, the present treatment guarantees the equivalence
between gravitational and inertial masses.
VI. DISCUSSION
We would now like to make several remarks:
1) The theoretical framework of our treatment is based
on the postulate that the relative velocity of two macro-
scopic objects acquires definite value only after the two
objects measure it, i.e. only after the variable represent-
ing the relative velocity becomes entangled with the in-
ternal degrees of freedom of the two objects. The same
presumably applies to the relative distance and other ob-
servables.
2) In this work, we describe the mutual measurements
of only one physical observable, namely the relative veloc-
ity, governed by one particular mechanism, namely, the
modulations of Doppler shifts originating from the fluc-
tuations on the Planck spatial scale. Doppler shift is not
the only possible way of the entanglement between the
relative velocities of two macroscopic objects. The en-
tanglement can, in principle, also proceed through other
mechanisms such as the one described in Appendix B,
namely, the scattering of photons dependent on the CM
position of a macroscopic object, cf. Ref. [20]. Like-
wise, even if the Doppler shifts are involved, they do not
necessarily originate from the Planck-scale fluctuations.
Other possible origins of the statistical velocity fluctu-
ations and of the mutual measurements of the distance
or other variables require further investigations. The re-
sulting corrections can potentially lead to modifications
of the Newton’s gravitation [25, 26].
3) The assumption that the characteristic time τ1 given
by Eq. (15) originates from the fluctuations on a fixed
spatial scale l0 implies diffusive random motion in real
space. If the parameters of this motion are constrained
by the Heisenberg uncertainty, then the relevant diffusion
coefficient can be estimated as Dx ∼ ~/M , where M is
either M1 or M2, cf. Ref. [27].
4) Velocity fluctuations on the spatial scale l0 imply
that the kinetic energy of this random motion can be
estimated as ~2/(2Ml20). This energy can be equated
to kBT0/2, where T0 is the effective temperature of the
random motion. Such an estimate for the Planck length
gives
T0 ∼= ~c
3
kBGM
, (20)
where the right-hand-side is by factor 8pi larger than the
value of the Hawking radiation temperature for a black
hole of mass M [28]. However, in our derivations, we did
not fix the prefactors. Since we are far from the relativis-
tic limit, the prefactor can be different from 1/(8pi).
For the mass of Earth ME , the estimate (20) without
an additional prefactor gives T0 ∼ 0.52 K. Remarkably,
this value is only by a factor of 5 smaller than the tem-
perature of the cosmic microwave background radiation
2.72 K [29]. It is, therefore, an interesting possibility
that the fundamental random motion of the CM of the
Earth arising from the assumptions of the present article
is characterized by the temperature 2.72 K. A small-mass
object experiencing the gravitational field of the Earth
would then be entangled with its CM random motion
with respect to a distant vacuum. The latter, in turn,
may imply that the small object is supposed to register
thermal radiation.
75) In this work, we did not attempt relativistically in-
variant treatment. The applicability of our assumptions
is, in particular, limited by condition v ∼ ~Ml0  c, whichimplies that the masses involved must be much larger
than the Planck mass mP ≡
√
~c
G ≈ 2 10−5 g.
VII. CONCLUSIONS
In the present article, we defined the concept of mutual
quantum measurements of two macroscopic objects and
showed that mutual measurements of velocity can lead
to an emergent force acting on the objects. We further
showed that, under a set of assumptions involving the
measurements of Doppler shifts originated from fluctua-
tions on the Planck scale, the measurement-induced force
can reproduce Newton’s law of gravitation. The result-
ing framework guarantees the equivalence between the
inertial and the gravitational masses. Under a broader
set of assumptions, emergent forces and other dynamical
effects of quantum measurements can lead to corrections
to Newton’s law of gravitation.
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Appendix A: Relevant foundational issues of
quantum mechanics
In this Appendix, we summarize our views on two foun-
dational issues of quantum mechanics related to the oper-
ational definition of mutual quantum measurement given
in Section III.
1. Use of a single realization of the quantum
evolution
Let us recall that the statistical interpretation of quan-
tum mechanics stipulates that a quantum description,
such as the one starting from the wave function (1) and
ending with the density matrix (5) describes the outcome
of the ensemble of measurements characterizing many re-
peated experiments starting from the same initial quan-
tum state (1). The diagonal elements of the density
matrix (5) then give the probabilities of the individual
states |f1S1〉, and |f2S2〉 to be observed as a result of
a measurement. For small systems, such an ensemble
of measurements can be, indeed, realized experimentally
or naturally. However, for large systems, the size of the
ensemble required to test the quantum mechanical pre-
dictions is exponentially large in terms of the number of
particles in the system, which, presumably, makes such
an ensemble not realizable either experimentally or, more
importantly, naturally.
The above considerations imply that the exact
quantum-mechanical state of a typical macroscopic ob-
ject at any moment of time is not fully repeatable in the
future. Therefore, we think it is reasonable to try to ex-
tend the quantum-mechanical formalism to a single real-
ization of the time evolution of macroscopic objects [30].
Here, one is helped by the results on quantum typical-
ity in many-body systems [31–34], which suggest that, in
numerous settings, averages obtained from a single real-
ization of a many-body wave function randomly chosen
from the relevant statistical ensemble are exponentially
close to the averages for the entire ensemble.
2. Defining macroscopically distinct quantum
states
The two quantum states denoted in Section III B as
|S1〉 and |S2〉 and describing the internal degrees of free-
dom of the second object are assumed to lose their quan-
tum coherence very quickly. We expect that these two
states are macroscopically distinct either from the very
beginning - if the absorption of the large number of pho-
tons was involved in their creation, or - if only one photon
is involved - they quickly become macroscopically distinct
via the process of the propagation of perturbations in an
ergodic quantum system [35–38].
It is well known that classifying two quantum states
as macroscopically distinct as opposed to being non-
macroscopically distinct is a notoriously difficult sub-
ject [39–42]. One can argue here that any pair of two
orthogonal quantum states for an isolated system is as
good as any other orthogonal pair. It is probably impossi-
ble to define a distance between two orthogonal quantum
states, which would be invariant under the Hilbert-space
rotations and, at the same time, distinguish macroscopi-
cally different from non-macroscopically different orthog-
onal states.
In the present article, we, therefore, adopt the follow-
ing practical definition: we call two quantum states of a
given system “macroscopically distinct”, if, according to
the standard quantum mechanics, the quantum coher-
ence time of the superposition of these two states in a
given environment is smaller than a practically unmea-
surable value, e.g., 10−43s (the Planck time).
Appendix B: Alternative mechanism for measuring
the center-of-mass momentum
The mutual velocity measurements described in Sec-
tion III can occur not only via the detection of Doppler
shifts. In this Appendix, we outline one alternative.
Let us consider the quantum-mechanical wave packet
describing the CM position of an object of mass M . Ac-
cording to the Schrödinger equation for a free massive
8particle, this spatial wave packet spreads ballistically
between two subsequent measurements. For example,
a wave packet, which initially has the Gaussian shape
ψ(x) ∼= exp[−x2/(2σ20)] with width σ0, broadens in time
such that its time-dependent width reads [43]
σ(t) =
√
σ20 + (vspt)2, (B1)
where vsp ≡ ~/(Mσ0) is the spreading velocity. This
spreading leads to a correlation between the CM posi-
tion and CM momentum, as illustrated in Fig. 3. Indeed,
let us assume that the initial average momentum of the
wave packet 〈p〉 is zero, as in the above example. There-
fore, the average CM position under Schrödinger time
evolution also remains zero. If, at a later time, the CM
position is measured and found to be on the right of the
initial average position, then this measurement picks up
the momentum component directed to the right, and vice
versa. Such a measurement, can be realized when a pho-
ton wave packet of a size smaller than σ(t) is scattered
from the massive object and then detected.
Appendix C: Need for new physics on the Planck
scale?
In Section VC, we estimated the fluctuation time on
the Planck spatial scale with the help of Eq. (15) rely-
ing on non-relativistic quantum mechanics. The natural
question then arises about the meaningfulness of such an
extrapolation to the scale, where quantum mechanics has
not been tested. Here we rely on the consideration that,
even though we deal with the CM wave packets of very
Figure 3. Illustration of the position-momentum correlations
for spreading wave packets after position measurements.
small widths, the matter is not really concentrated within
these widths. The CM wave packet of a macroscopic ob-
ject represents the CM position of many constituting par-
ticles described by regular quantum mechanics. It may
even happen that no physical matter is located within
the width of the CM wave packet as, for example, would
be the case for a hollow sphere. At the same time, the
relevant velocities are very small. This consideration not
only supports the extension of non-relativistic quantum
mechanics to the Planck scale but also hints that the use
of quasi-classical approximation for the resulting dynam-
ics, which would involve the notion of classical chaos [44],
Lyapunov exponents, etc., may be reasonable.
Another question is whether the fluctuations on the
Planck scale, which were assumed to justify Eq. (15),
require a fundamentally new force field. Such a need is
not clear from the perspective of the present work. The
deviation from the coherent Schrödinger dynamics on the
Planck scale may originate from the cumulative influence
of the rest of the Universe on a given system via routine
mechanisms known for the larger spatial scales, such as
classical forces or quantum measurements.
If the new force exists, it might be vanishingly small,
which would make the situation somewhat similar to the
one associated with the role of the rounding errors in
the simulations of classical many-body chaotic systems
on a computer [45, 46]. These errors originate from the
finite precision of internal computer operations. Since
the chaotic dynamics exponentially amplifies the effects
of vanishingly small changes of the simulated coordi-
nates, it also amplifies the rounding errors. Yet, for high-
dimensional phase spaces, the statistical behavior of the
error-modified chaotic trajectories on practically com-
putable timescales remains almost indistingishable from
that of the error-unmodified trajectories, because the
rounding errors introduce only a tiny change of the values
of the Lyapunov exponents. One becomes aware of the
computer rounding errors only after attempting to sim-
ulate perfect time reversal of the dynamics [35, 36, 47].
Likewise, the additional physics on the Planck and sub-
Planck scales may add negligible correction to the pro-
cesses controlled by the many-body entanglement and
decoherence, while making qualitative difference only in
the suppression of the perfect time reversal.
At the same time, it cannot be excluded that the ve-
locity fluctuations on the Planck scale postulated in this
work originate from the new physics, such as, for exam-
ple, the inhomogeneous character of the physical space
on that scale.
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